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ABSTRACT: Polybenzimidazoles (PBIs) have been inves- R oo T T 10°
tigated for use as gas separation membranes due to their S TADPS-TPA =
thermal stability and good H,/CO, separation performance at +< >—©+ % g;%r!
elevated temperatures. However, PBIs are hydrophilic, and Colazole® :;10“- 1o :
effects of water vapor on PBI separation performance are H 2
essentially unexplored. This study investigates water sorption, § N )
diffusion, and dilation of a commercial PBI, Celazole, and a +< ﬁ @N 0 v
recently synthesized sulfonyl-containing PBI, TADPS-TPA. TADPS-TPA _ Ta
Water binds strongly to both polymers and requires elevated 1/FFV (water-accessible)

temperatures for removal. Water vapor sorption in Celazole

follows dual-mode behavior up to unit activity, while upward concavity is observed at high activities in the TADPS-TPA
sorption isotherm. Both PBIs swell significantly in water, and desorption hysteresis suggests water-induced conditioning of the
PBI matrix. Model fits of dilation behavior enable estimation of partial molar volume and water-accessible fractional free volume
(FFV) as a function of water activity. Water vapor diffusion coefficients increase with increasing vapor activity, which correlates
with water-accessible FFV.

INTRODUCTION

1.
Polybenzimidazoles (PBIs) are promising gas separation +< >—@‘

membranes. They have outstanding chemical, thermal, and
mechanical stability, glass transition temperatures (T,’s) in (A) Celazole®

excess of 400 °C, and decomposition temperatures approach-

ing 600 °C.'~® Recent studies on PBIs have 7prlrnarlly targeted

high-temperature H,/CO, separations.”*®’ PBIs have per- +< ﬁ”@ >_®+
meabilities and selectivities near the 2008 Robeson upper

bound at room temperature, and their separation performance (B) TADPS-TPA

at temperatures up to 250 °C can exceed the room Figure 1. Molecular structures of (A) commercial PBI (Celazole) and
temperature upper bound.””'® Many studies have focused (B) TADPS-TPA.?
on dense or asymmetric membranes formed from a
commercial PBI, which is known as m-PBI or Celazole (cf.
Figure 1)."*7° A series of sulfonyl-containing PBIs based on a
3,3',4,4'-tetraaminodiphenyl sulfone (TADPS) monomer were
recently synthesized, and polymers from this series also exhibit
outstanding thermal stability and mechanical properties.”
Unlike many polymers used for gas separation membranes,
PBIs can sorb significant amounts of water (15—25 wt
%).>'"'* Many industrial processes, such as syngas separation,
operate with humidified gas streams, so it is important to

would otherwise be available for gas sorption and trans-
port.B*15 Significant uptake of condensable vapors, such as
water, could lead to swelling and plasticization, which can
increase chain mobility and, in turn, increase penetrant
diffusion coefficients, leading to increases in permeability and
decreases in selectivity.'*"* If the polymer segment relaxation
rate is sufficiently low, as is often the case for glassy polymers,
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properties. Water may swell the polymer, disrupt hydrogen Revised:  August 27, 2018
bonding between polymer chains, and fill free volume sites that Published: September 10, 2018

\ -4 ACS Publications  © 2018 American Chemical Society 7197 DOI: 10.1021/acs.macromol.8b01659
Macromolecules 2018, 51, 7197—7208


pubs.acs.org/Macromolecules
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.macromol.8b01659
http://dx.doi.org/10.1021/acs.macromol.8b01659

Macromolecules

the polymer may retain increased free volume after the swelling
penetrant is removed, leading to conditioning.'®"” Sorption of
small amounts of bulky penetrants can cause antiplasticization,
which reduces chain mobility and free volume, causing a
decrease in penetrant diffusivities and an increase in polymer
elastic modulus and strength.'®*°~** The solubility of small
molecules in polymers generally increases with increasing
critical temperature, so highly condensable vapors can compete
with less condensable gas molecules for sorption into
Langmuir sites in glassy polymers, blocking sorption and
transport of less condensable gases.'' %37

In related studies, water vapor permeabilities in Matrimid
5218 and 6FDA-TMPDA polyimides increase with vapor
activity at 35 °C.”” CH, and CO, permeabilities in both
polyimides decreased when water was present, with up to a
25—70% decrease at saturation, which was primarily attributed
to competitive sorption.”” Ansaloni et al. measured a similar
decrease in permeabilities for CH,, N,, CO,, and He in
Matrimid. Specifically, at a water vapor activity of 0.75, gas
permeabilities at 35 °C decreased by about 50% relative to
pure gas permeabilities. This effect correlated to a reduction
in free volume caused by water occupying volume in the
polymer matrix which would have otherwise been available for
gas diffusion.”” In contrast, Klaehn et al. reported that the
presence of 2—4 vol % water increased permeabilities and
activation energies of permeation of H,, CH, and CO, in
Matrimid at both 30 and 150 °C, with a corresponding
decrease in gas selectivities.”® While there are some
discrepancies between these studies, they nonetheless illustrate
the necessity of understanding the effects of contaminants,
such as water, on gas separation performance of polymer
membranes. Because PBIs exhibit 5—8 times the water uptake
of Matrimid, it is important to understand the relative effects of
water-induced plasticization, conditioning, antiplasticization,
and competitive sorption on gas separation performance of PBI
membranes.*' "'#*%3° However, to the best of the authors’
knowledge, there are no studies in the literature describing
these effects for PBIs.

This study reports water sorption, diffusion, and dilation in
two representative polymers from the PBI family to explore the
influence of water uptake on transport properties of PBIs. The
first polymer considered is m-PBI, commercially available as
Celazole. For comparison, a sulfonyl-containing PBI synthe-
sized from 3,3’,4,4'-tetraaminodiphenyl sulfone and tereph-
thalic acid, TADPS-TPA, is also considered. TADPS-TPA had
the highest water uptake of three TADPS-based PBIs
investigated in a prior study.” Thermal analysis of water
populations in these PBIs was performed using thermogravi-
metric analysis (TGA) and differential scanning calorimetry
(DSC). Water sorption and dilation isotherms were measured
at 35 °C and are examined using the dual-mode sorption
model. Differences in sorption behavior between Celazole and
TADPS-TPA were correlated to polymer structure. The partial
molar volumes of sorbed water and fractional free volumes of
the water/polymer mixtures were estimated as a function of
vapor activity. Finally, water vapor diffusion coeflicients were
determined.

2. EXPERIMENTAL METHODS

2.1. Materials. Celazole S26 dope solution was purchased from
PBI Performance Products Inc. This solution contains 26% polymer
solids dissolved in N,N-dimethylacetamide (DMAc) with 1.5 wt %
LiCl added to enhance polymer solubility. TADPS-TPA was
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synthesized as described previously.® DMAc and n-heptane were
purchased from Sigma-Aldrich and used without further purification.
Deionized water was generated using a Millipore RiOS and A10 water
purification system. Structures of Celazole and TADPS-TPA are
shown in Figure 1.

2.2, Membrane Preparation. Dense TADPS-TPA films were
formed via solution-casting as described previously.® Celazole films
were cast using a similar technique after diluting the dope solution to
2 wt % polymer by adding DMAc and stirring overnight. The solution
was filtered through a 0.45 ym PTFE filter and sonicated for 30 min
to remove any bubbles. The solution was poured into a glass casting
ring caulked to a glass plate and placed in a vacuum oven on a level
surface. The solvent was removed by drying for at least 24 h under full
vacuum at room temperature followed by 4 h at 80 °C and 1 h at 100
°C.% After the film was removed from the glass plate, it was boiled in
deionized (DI) water for 4 h to remove residual DMAc. During the
boiling step, the film was held between two pieces of metal mesh to
prevent curling. The film was then soaked in DI water at room
temperature for at least 24 h to remove LiCl. Removal of LiCl was
verified by analyzing the desorption solution using ion chromatog-
raphy. Finally, the film was dried under full vacuum at 140 °C for at
least 24 h.” TGA was used to verify solvent removal.

2.3. Thermogravimetric Analysis. The temperature required to
fully dry each PBI sample was analyzed via thermogravimetric analysis
using a QS00 TGA instrument (TA Instruments) with a 60 mL/min
dry N, purge (99.999% UHP grade from Airgas) and 10 °C/min
ramp rate. The temperature was ramped to 35 °C and held for 48 h,
then ramped to 100 °C and held for 12 h, and finally ramped to 150
°C and held for 12 h.

2.4. Differential Scanning Calorimetry (DSC). The states of
sorbed water in Celazole and TADPS-TPA were analyzed via DSC
using a Q100 DSC instrument (TA Instruments). Each PBI sample
was soaked in DI water at 35 °C until equilibrated, then blotted,
weighed, and transferred to an aluminum pan that was sealed and
promptly loaded into the instrument. The DSC was purged during
testing with a UHP N, blanket. The temperature was decreased to
—80 °C at 10 °C/min, held for S min, and then increased to 150 °C at
10 °C/min. The temperature was held at 150 °C for 1 h to allow
evaporation of most of the water from the sample, then cooled to —80
°C at 10 °C/min, and held for 5 min before another 10 °C/min ramp
to 150 °C.

2.5. Water Vapor Gravimetric Sorption. Water vapor
gravimetric sorption measurements were performed using a McBain
quartz spring balance.*”** Small pieces of polymer, about 20—25 um
thick and a few square centimeters in area, were suspended from a
sensitive quartz spring (Ruska Instrument Corporation) inside a
water-jacketed glass chamber maintained at 35 °C. Thickness was
measured using a digital micrometer (Mitutoyo, +1 um resolution).
Prior to starting each test, the sample was degassed under full vacuum
(<0.01 Torr) for a minimum of 3 days with a liquid nitrogen trap in
the vacuum line. A glass reservoir containing DI water was used as a
vapor generator. Prior to use, the water reservoir was degassed under
vacuum to remove air and dissolved gases from the water. The vapor
partial pressure was monitored using an MKS Baratron 626B
transducer (full scale = 100 Torr, accuracy = 0.25% of full scale).
The highest activity that could be reliably studied was around 0.65,
since higher activities produced rapid condensation of water on any
cold spots in the apparatus, leading to fluctuations in pressure
readings and difficulty determining accurate vapor activities.

Interval sorption experiments were run by increasing the water
vapor activity stepwise from 0 to 0.65 and then decreasing stepwise
down to 0. Integral sorption measurements were also run to
determine diffusion kinetics more accurately, where each sorption
step was followed by a desorption step back down to 0 activity. The
spring length was continuously monitored using a CCTV camera and
IC Capture software (The Imaging Source), and the images were
processed using Image] software.”

2.6. Water Vapor Dilatometry. Water vapor sorption-induced
dilation was measured at 35 °C using an optical method. A long strip
of polymer was suspended in the glass chamber used for sorption
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measurements and gently held next to a guide rod using copper wire
to prevent curling while permitting the sample to elongate freely.
Sample dimensions were ~8 cm long X 0.3 cm wide with a thickness
of ~20 pm. Samples were degassed at 35 °C under full vacuum for at
least 24 h prior to starting each test. Interval dilation measurements
were run by increasing water vapor activity stepwise from 0 to 0.65
and then decreasing stepwise down to 0. The length of the sample was
continuously monitored using a CCTV camera and IC Capture
software and analyzed using Image]. The change in sample length was
converted into volumetric dilation as follows:>*~>°

3
AV 1Ly
Yo (LdrV] (1)
where L is the dilated sample length, Ly, is the initial dry length, and
AV/V, is the fractional change in sample volume.

2.7. Liquid Water Uptake and Dilation. Liquid water uptake
and polymer swelling upon exposure to liquid water (activity = 1)
were measured. Three samples of each polymer with areas of a few
square centimeters and thicknesses of ~20 um were placed in glass
scintillation vials and dried under vacuum for 4 days in a vacuum oven
at 35 °C. The oven was then purged with air-dried via a column of
Drierite, and the vials were immediately sealed upon opening the oven
before transferring them to a balance to limit moisture uptake from
the surrounding atmosphere. Because these vials sorbed some
moisture after removal from the oven, the samples were quickly
transferred to a new empty sealed vial that had been equilibrated at
ambient humidity, the mass of which was subtracted from each
measurement. The samples were returned to the vacuum oven in their
original vials and dried for an additional day. They were then removed
from the oven and transferred in sealed vials to a digital scanner. The
surface areas of the films were determined using Image] after scanning
the films.

The samples were then soaked in DI water for S days inside the
oven maintained at 35 °C. Each sample was then removed, briefly
blotted with paper tissue, and weighed immediately. The samples
were soaked again in DI water at 35 °C overnight. Finally, they were
removed, blotted, and measured again for their surface areas. The
sample dilation in liquid water was estimated as follows:

N 3/2
R
(AdrY] ()

where A is the scanned area of the water-soaked sample and Ay, is the
scanned area of the dry sample.

2.8. Density. Samples of Celazole and TADPS-TPA were dried in
stainless steel Swagelok chambers equipped with isolation valves
inside an oven under full vacuum at 35 °C for 6 days. The oven was
purged with dry air via a Drierite column, and the isolation valves
were immediately sealed upon opening the oven to prevent moisture
from entering the chambers. The sealed chambers were transferred
from the oven into a glovebox purged with dry nitrogen to maintain a
humidity of <0.1% as measured by a digital hygrometer (Fisher
Scientific, +2% RH accuracy). The chambers were opened, and
sample densities were determined using a balance equipped with a
density kit (Mettler Toledo) inside the dry glovebox.”” n-Heptane was
used as the buoyant liquid due to its negligible sorption in PBIs over
the time scale of the measurement, which was verified by soaking a
sample in n-heptane for several days with no detectable mass change.

av _
Vo

3. RESULTS AND DISCUSSION

3.1. Thermogravimetric Analysis. For both Celazole and
TADPS-TPA, thermogravimetric analysis revealed that while
most of the water sorbed from the atmosphere was removed at
35 °C, some water was tenaciously bound to the polymer
backbone and could only be removed by heating the sample to
higher temperatures. As shown in Figure 2 (top), there are two
distinct mass losses when the temperature is ramped above 35
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Figure 2. (top) TGA scans for Celazole (green curves) and TADPS-
TPA (red curve). The first and second runs of Celazole are shown
with solid and dashed lines, respectively. (bottom) Hypothesized
water—PBI hydrogen-bonding interactions.""'***7*

°C and held at 100 °C and then 150 °C. The amount of
tenaciously bound water (i.e., water that cannot be removed
under vacuum at 35 °C) in each PBI was calculated as the
difference between the sample mass at the end of the 35 °C
hold and the mass at the end of the 150 °C hold. The amounts
of strongly bound water in Celazole and TADPS-TPA were 2.7
and 2.5 wt %, respectively. These water molecules likely
interact with the PBI backbone via hydrogen bonds of
sufficient strength that additional thermal energy is required
to break them (cf. Figure 2 (bottom)). This result is consistent
with other reports that PBIs retain some water at temperatures
up to 150 °C even under full vacuum.'”** The same Celazole
sample was tested twice, where the second scan was run several
days after the sample had been re-exposed to ambient
conditions. Because both curves are qualitatively similar, the
mass loss is due to sorbed water from the atmosphere rather
than chemical changes in the polymer or residual solvent from
the casting procedure. This tenaciously bound water cannot be
removed before the sorption and dilation experiments, since
the equipment cannot operate at sufficiently high temperatures
to completely dry the sample (i.e,, 150 °C). The contribution
of these water populations is not included in the water sorption
values discussed below.

3.2. Differential Scanning Calorimetry. Sorbed water in
a hydrophilic polymer can exist in a distribution of states
between free/mobile molecules and tightly bound mole-
cules.*' ~** Free water has little interaction with the polymer
chains and exhibits a melting point of 0 °C."'~** Loosely
bound, freezable water interacts weakly with polymer chains or
bound water molecules and exhibits a melting point below 0
°C.*'~* Strongly bound water molecules will not exhibit any
melting transition above —100 °C."'~** Previous studies have
hypothesized that PBIs can undergo strong hydrogen-bonding
interactions with water molecules due to the polar N and N—H
groups on the polymer backbone (cf. Figure 2 (bot-
tom))."""***=* Tomlin et al. used X-ray crystallography on
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a diimidazole model compound to conclude that water
undergoes extensive hydrogen bonding with these functional
groups and is even able to form bridges between benzimidazole
groups.”® Similar effects were observed during water vapor
sorption in polyesters.*> However, Brooks et al. used FTIR and
broadline NMR to conclude that most of the sorbed water in
PBI is not in fact bound to the polymer but is instead mobile
inside the polymer matrix."'

First and second DSC heating scans of Celazole and
TADPS-TPA saturated with DI water at 35 °C are shown in
Figure 3 for the temperature range of —80 to 150 °C. For both
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Figure 3. DSC scans of water-saturated Celazole (green curves) and
TADPS-TPA (red curves). Solid curves represent the first heating
scans, and dotted curves represent the second heating scans.

samples, there are no significant thermal transitions at or near
0 °C in the first heating ramps that would be indicative of
melting mobile or freezable bound water molecules. Thus,

essentially all of the sorbed water exists as strongly bound,
nonfreezable molecules, which is consistent with the
hypothesis that sorbed water interacts strongly with the PBI
matrix via hydrogen bonding.'"'***~** The broad endother-
mic peaks associated with water vaporization seen in the first
heating scans are not present in the second ramps, indicating
that most of the sorbed water was removed by holding at 150
°C for an hour after the first scan. A dedicated FTIR and DFT
analysis is underway to identify the differences between
tenaciously bound water (i.e., that not removed by drying at
35 °C) and other sorbed water populations as well as
molecular level interactions of water with Celazole and
sulfonyl-containing PBIs.

3.3. Water Vapor Sorption. Liquid water uptake at 35 °C
in Celazole and TADPS-TPA are 19.8 + 0.1 and 24.4 + 0.1 wt
%, respectively. These values are consistent with previous
literature reports.”'"'> Water vapor sorption isotherms from
interval measurements in Celazole and TADPS-TPA at 35 °C
are shown in Figures 4A and 4B, where the mass uptake is
given in grams of sorbed water per gram of dry polymer (i.e.,
dried at 35 °C). Sorption and desorption isotherms are shown
for each material. Water vapor activities, or relative humidities,
were evaluated as the ratio of water vapor partial pressure to its
saturation pressure at 35 °C (i.e., a = p/p*).** There was not a
significant difference in water vapor uptake between Celazole
and TADPS-TPA at lower activities, though TADPS-TPA
showed higher vapor uptake than Celazole at high activities
and 23% higher liquid water uptake. This result is possibly due
to increased thermodynamic affinity between water and the
sulfonyl groups or less steric hindrance from the para-linked

0'16 A T T T T T T 0'16 B T T T T T
oo AT
0.14 - . ¥ e 0.14 Desorption .-~ T T 7
_ Desorption, 47" .- _ . .
5012} ¥ 4 Tsoa2f / P 1
o R g K /
2 010 e 4 2 010+ e p -
Py ’ e Py /' s
Xx £ o Sorption Xx /
0.08} P 0.08F E
g s g % /S:rption
2 0.06 o ,'. 2 0.06} { % -
< 0.04 ‘e’ = 0.04 o J
0.02 | ® 0.02 -
! Celazole TADPS-TPA
0_00 1 1 1 1 1 1 000 1 1 1 1 1 1
0.0 01 0.2 03 04 05 0.6 0.7 0.0 0.1 0.2 0.3 04 05 0.6 0.7
Water Activity Water Activity
T T T T
a00| © L 4
300 tApPS.TPA
\
200 | 4

100

Concentration (cms(STP)Icms)

®
Celazole

0.2

1
0.4

1
06 08 1.0

Water Activity

Figure 4. Water vapor sorption isotherms from interval measurements, expressed in g water per g dry polymer, in (A) Celazole and (B) TADPS-
TPA at 35 °C. Dashed lines are guides for the eye. (C) Sorption isotherms for Celazole (open circles) from interval uptake steps and TADPS-TPA
(solid circles) from integral uptake steps, expressed in cm® (STP) water per cm® dry polymer, with dual-mode model fits (red and green solid lines,
respectively). The values at an activity of 1 were determined using liquid water uptake measurements. Error bars are too small to show.

7200

DOI: 10.1021/acs.macromol.8b01659
Macromolecules 2018, 51, 7197-7208


http://dx.doi.org/10.1021/acs.macromol.8b01659

Macromolecules

Table 1. PBI Liquid Water Uptake and Dual-Mode Parameters for Water Vapor Sorption at 35 °C“

kp [cm® (STP)/cm>-atm] Cj; [em® (STP)/cm?] b [atm™'] liquid uptake [wt %] activity range

Celazole 3870 + 140 102 + 5 670 + 90 19.8 + 0.3 0-1.0
TADPS-TPA 4940 + 380 88 + 10 940 + 470 244 + 0.5 0-0.5
Celazole™! 11780 =+ 940 14 + 28 240 + 760 35 0-0.6
Kapton®’ 852 6.55 2011 N/A

Matrimid®”*° 957 2.9-4.1 N/A

PEF*! 354+ 7 3.07 + 0.4 141 + 30 0-0.6
PET?! 237 + 16 0.599 + 0.9 88.7 + 180 0-0.6

“Sorption parameters reported for other polymers are at 35 °C with the exception of Kapton (30 °C) and Celazole (25 °C).>**!
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Figure 5. Water-induced dilation of (A) Celazole and (B) TADPS-TPA at 35 °C at activities up to about 0.6 from interval dilation measurements.
Dashed lines are guides for the eye. Error bars are smaller than the symbols. (C) Water vapor dilation isotherms for Celazole (unfilled circles) and
TADPS-TPA (filled circles) from uptake steps at 35 °C over the entire activity range. The values at unit activity were determined by immersion in
liquid water. Solid lines are fits using eq 4 up to an activity of 0.5. Error bars are smaller than the symbols.

phenyl groups, allowing water to form hydrogen bonds more
readily with the polar imidazole groups. A spectroscopic
investigation is underway to elucidate the molecular origins of
this behavior.

Significant hysteresis was observed during desorption
experiments, suggesting that swelling may be occurring and
that polymer chain relaxation is slow with respect to the
desorption experiment time scale.’’ Similar behavior was
observed by Burgess et al. for water vapor in poly(ethylene
terephthalate) (PET) and poly(ethylene furanoate) (PEF) and
by Schult and Paul for water vapor in poly(vinylpyrrolidone)
(PVP), polysulfone (PSF), polyethyloxazoline (PEOX), and
poly(ether sulfone) (PES).>"*”** The water uptake for both
PBIs returns to zero after desorption, indicating that the
sorption process is reversible.

Gas and vapor sorption isotherms in glassy polymers
typically exhibit a concave-down behavior with pressure at
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low pressure or activity, which can be described using the dual-
mode sorption model:*’

kpp +
T T by 3)
where C is the sorbed gas or vapor concentration (cm® (STP)/
cm®), kp is the Henry’s law constant (cm® (STP)/cm>-atm),
Ci; is the Langmuir capacity (cm® (STP)/cm?), and b is the
Langmuir affinity (atm™'). The equilibrium mass uptake of
water at each sorption uptake step was converted to
concentration (i.e, cm® (STP)/cm®) using the polymer dry
densities. Dry densities of 1.270 + 0.014 g/cm® for Celazole
and 1.362 + 0.015 g/cm® for TADPS-TPA were determined as
described earlier. The three dual-mode parameters (kp, Ci,
and b) and their uncertainties were determined by a weighted
least-squares regression of the sorption data via Mathematica
and are summarized in Table 1. Values in the activity range of
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0—1 were used for Celazole dual-mode fits, and values in the
activity range of 0—0.5 were used for TADPS-TPA dual-mode
fits. Numerical details of the fitting procedure are provided in
the Supporting Information. Representative values for water
vapor sorption in other glassy polymers are provided in Table
1 for comparison.””"*"*%>" Fits of the water vapor sorption
isotherms for Celazole and TADPS-TPA to the dual-mode
model are shown in Figure 4C. The integral sorption values for
TADPS-TPA and interval sorption values for Celazole were
used for fitting as these experiments had the lowest
experimental errors. Desorption behavior was not modeled
due to additional complexities of hysteresis and conditioning,
which are time-dependent phenomena.’”>’ Concentrations
shown at unit activity are from liquid sorption measurements.
Uncertainties were calculated using propagation of errors.”*

The water vapor sorption isotherm for Celazole at 35 °C
follows dual-mode behavior to unit activity, while the isotherm
for TADPS-TPA follows dual-mode behavior approximately up
to an activity of 0.5 (cf. Figures 4A and 4B). Both isotherms
show similar behavior at low activities, while TADPS-TPA
shows greater water uptake than Celazole at high activities.
Celazole and TADPS-TPA have similar Langmuir capacities
(Cfy) (cf. Table 1), which typically correlate with the amount
of nonequilibrium excess free volume in the polymer.”> This
result is consistent with the similar fractional free volumes in
both polymers, as discussed below. Both PBIs have higher
Henry’s law constants (kp) than polyimides such as Kapton
and Matrimid, possibly due to stronger water interactions with
benzimidazole groups than imide groups, resulting in higher
thermodynamic affinity. The lower Henry’s law constants and
liquid water uptake for Celazole than a previous reported
measurement in the literature are likely due to differences in
temperature and film casting procedure.’’ TADPS-TPA has
both a higher Henry’s law solubility (kp) and Langmuir affinity
(b) than those of Celazole, which may be due to the
introduction of additional polar interactions with the sulfonyl
group. An ongoing FTIR investigation may shed more
fundamental light on these phenomena.

While the concave-down regions of the isotherms fit very
well to the dual-mode model, a deviation from dual-mode
behavior is observed at activities above 0.5 for TADPS-TPA,
where an upturn occurs in the isotherm. This type II sorption
isotherm behavior can be indicative of swelling of the polymer
matrix or clustering of water molecules.”*® Similar behavior
has been observed during water sorption in PET, PEF, Nafion,
Kapton, polyacrylonitrile (PAN), m-HAB-6FDA, m-TR-450,
and various polyarylates.”"***°™%° Previous studies have
shown that PTMSP, PIM-1, 6FDA-TMPDA, p-HAB-6FDA,
p-TR-450, and Matrimid exhibit linear to concave-up
isotherms over the entire water vapor activity
range.””*”%*°7%! The molecular origin of this behavior will
be discussed below.

3.4. Water-Induced Swelling. Dilation experiments were
performed to determine the swelling of the PBI matrices upon
water vapor sorption. Swelling was isotropic, which was
verified by measuring length and width changes of samples
soaked in liquid water using a digital scanner. No anisotropy
was observed for either PBI, which is consistent with both
polymers being amorphous and unoriented.”

Celazole and TADPS-TPA swelled by 15.9 + 0.1 and 21.4 +
0.1 vol % in liquid water, respectively. The volumetric dilation
of each PBI during water vapor sorption and desorption from
interval measurements are presented in Figures SA and 5B as a
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function of vapor activity. TADPS-TPA swells more than
Celazole at higher vapor activities due to its higher water
uptake. Similar to the sorption isotherms, significant hysteresis
is observed for both PBIs, indicating that water is conditioning
the polymers. This behavior is consistent with the very high
glass transition temperatures of these PBIs (417 °C for
Celazole and 480 °C for TADPS-TPA), which is indicative of
low chain mobility.®

For CO, sorption in unconditioned polycarbonate, dilation
was linear with pressure.”” If sorption in Langmuir sites is
treated as a purely hole-filling process, no additional chain
separation would be required to accommodate penetrant
sorption in the Langmuir mode.”® In the ideal case, only
penetrant molecules occupying Henry’s law sites would
contribute to swelling. However, Kamiya et al. reported that
CO,-induced dilation of polysulfone showed a concave-down
behavior with pressure.*® A similar concave-down behavior was
observed by Fleming and Koros for CO, sorptive dilation in
polycarbonate conditioned at high CO, pressure.”” Kamiya et
al. proposed an empirical model for dilation caused by gas
sorption in glassy polymers that includes a contribution from
swelling in both the Langmuir and Henry’s law modes.’® As
shown by Punsalan and Koros, this model of dilation follows a
similar functional form to the dual-mode sorption model:**®*

Cub
av = Vp|kpp + SCutp
14 1+ bp (4)
where AV—V is the fractional volume change from swelling, Vp, is

the effective condensed penetrant molar volume (cm®/mol),
and f is an empirical fitting parameter between 0 and 1 that
describes the fraction of penetrant molecules sorbed in the
Langmuir mode that contribute to polymer matrix dilation.

Interval dilation data from uptake steps in the activity range
of 0—0.5 were fit to eq 4 using dual-mode parameters (kp, Ci;,
and b) from Table 1. Dilation data from desorption steps were
not fit due to additional complexities of hysteresis and
conditioning.”>>® Dilation isotherms for TADPS-TPA and
Celazole both deviate from linear behavior with activity and
are well described by eq 4 up to an activity of 0.5 (cf. Figure
SC). The parameters Vp, and f were determined by fitting
dilation data to eq 4 using weighted least-squares regression of
the dilation data from uptake steps via Mathematica and are
recorded in Table 2. Dilation isotherms showed upward
concavity at activities greater than ~0.6. More refined models
than those in Figure 4 would be necessary to describe these
effects.

Table 2. Parameters for Water-Induced Sorption Dilation of
PBIs at 35 °C and Activities up to 0.5 Using Eq 4“

Vp [cm®/mol] f
Celazole 10.8 + 0.3 0.33 + 0.03
TADPS-TPA 12.7 £ 0.5 0.17 = 0.0

“Uncertainties were determined from Mathematica curve fitting.

3.5. Partial Molar Volume of Water. Sorption and
dilation data were combined to estimate the partial molar
volume of water in PBIs as a function of vapor activity or
concentration. The partial molar volume (Vi) of a sorbed
penetrant in a polymer is defined as*”®’
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dp
dc

— ov d AV
[ ] d—(?]”
n
W p 0 (5)
where AV/V, is the polymer volumetric dilation and f is the
polymer isothermal compressibility. Because penetrant-in-
duced polymer swelling is much more significant than the
isothermal compressibility, 3 can be neglected in eq 5.°>°* The
relationship between concentration and pressure is given by eq
3, and the relationship between dilation and pressure is given

by eq 4.°%**®> The derivative of each with respect to pressure
is given by

T,p,hjy;

d(av fC bV,

—|—|=kVp + ——>

dp W, (1 + bp) (6)
dc _ C b

dp (1 + bp)’ 7)

Both derivatives can be substituted into eq S to yield the
following expression for Vyy as a function of pressure:

fCub
D 2
5 (1+bp)
Vw =1 C'ub
Do 1+ (8)

Using the fitting parameters from Table 1, this equation can be
used to calculate the partial molar volume of water as a
function of its concentration in the polymer, which is shown in
Figure 6. At low vapor activities, sorption occurs primarily in

3 20 . : .
m§ Pure water molar volume
£
e
15| -
g TADPS-TPA v
2 \ - D,TADPS-TPA
g \/’_ D,Celazole
= 101 T -
°
s \
© Celazole®
£ 5 .
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o
g
ki
; o 1 1 1
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Concentration (cm*(STP)/cm®)

Figure 6. Partial molar volume of water vs water concentration in
Celazole (green line) and TADPS-TPA (red line) calculated from
dual-mode fitting parameters using eq 8. Dashed lines represent
extrapolations beyond the data range used for fitting parameters (i.e.,
activities >0.5). Solid black lines represent effective molar volumes of
condensed penetrant in each polymer (i.e., Vp).

the Langmuir mode and results in little swelling and low partial
molar volume values as the sorbed molecules are readily
accommodated by existing excess free volume sites. The
infinite dilution partial molar volumes of water in Celazole and
TADPS-TPA are 4.0 and 2.8 cm®/mol, respectively, far below
the pure water molar volume (18 cm®/mol). As concentration
increases, these Langmuir sites become saturated, and sorption
transitions from occurring primarily in Langmuir sites to
occurring primarily in Henry’s law sites, which results in more
swelling and higher partial molar volumes. At high
concentrations, the partial molar volume reaches a plateau
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when the excess free volume is saturated and no longer
contributes to sorption. Viy approaches the effective molar
volume of condensed penetrant at high activities (i.e.,, Viy &
Vp), which is 10.8 cm>/mol for Celazole and 12.7 cm®/mol for
TADPS-TPA (cf. Table 2). These values are still substantially
lower than the molar volume of 18 cm?/mol for pure liquid
water.” The partial molar volume of water in strong hydrogen-
bonding solvents such as DMSO (15.6 cm®/mol) and DMAc
(14.2 cms/mol) is also lower than 18 cm®/mol, which is
thought to be due to the ability of water molecules to fit more
readily into spaces between Iar%e solvent molecules than
between other water molecules.”” Similar behavior may be
occurring at high water concentrations in PBIs.

For comparison, in 6FDA-ODA, Vi, increased with
concentration and reached a maximum of 0.011 nm?/molecule
(6.6 cm*/mol) at saturation.’® In UPJOHN 2080, a polyimide,
Vi was 5.4 cm®/mol at infinite dilution and increased to 13.8
cm®/mol at high concentrations, which is qualitatively
consistent with the observed values in Celazole and TADPS-
TPA in Figure 6.°° Similar behavior was also observed for
water vapor in cellulose acetate.”> Other literature studies
report trends for the partial molar volume of small molecules in
glassy polymers such as butane in PTMSP,” CO, in
polycarbonate,19’53’62 and methane and CO, in Matrimid,**
consistent with the sigmoidal shape predicted by eq 8. This
analytical approach to calculating partial molar volume could
be generalized to other models of gas or vapor sorption and
dilation in polymers, provided the models are differentiable.

3.6. Water Vapor Diffusion Kinetics. To determine
whether the upward curvature in the TADPS-TPA sorption
isotherm is due primarily to swelling or clustering, diffusion
coefficients of water in the polymer were calculated as a
function of vapor activity. Swelling would be expected to
increase diffusion coefficients due to increased chain mobility,
while clustering would decrease diffusion coefhicients due to
lower mobility of larger water aggregates.”””*® A representative
example of kinetic uptake data from a TAPDS-TPA integral
sorption experiment is given in Figure 7A. Water vapor uptake
kinetics can mostly be described using a Fickian diffusion
model (cf. Figure 7A), but the data deviate from the model at
short times, where there is a delay in uptake, and at long times,
where an additional slow uptake mode is observed.”” The
curvature at short times is ascribed to a finite time required for
water vapor to reach a constant concentration at the film
surface after being introduced into the spring balance.”” "’
The analytical Fickian diffusion expression can be modified to
account for varying surface concentration using an additional
time constant, 5.°”°® The slower uptake behavior over long
time intervals (i.e., a few hours to a couple of days) is ascribed
to slow relaxation of the polymer. Following the method of
Berens and Hopfenberg, this additional uptake can be
accounted for by empirically adding an exponential relaxation
term to the Fickian diffusion expression.”' The resulting
expression, including both the variable surface concentration
and relaxation contributions, is provided in the Supporting
Information. As shown in Figure 7A, this model agrees well
with the experimental data. Diffusion coefficients were
determined using weighted least-squares regression of the
uptake data via Mathematica. Fitting parameters are provided
in the Supporting Information.

As shown in Figure 7B, TADPS-TPA had higher water
diffusion coefficients than Celazole over the entire activity
range. Furthermore, water diffusion coeflicients increased with
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Figure 7. (A) Fractional mass uptake kinetics in TADPS-TPA at 35 °C during an integral water vapor sorption experiment at a final vapor activity
of 0.5. Experimental values are shown as gray points, and Fickian and modified Berens—Hopfenberg (B—H) model fits are shown using blue and
red solid lines, respectively. (B) Water vapor diffusion coefficients in Celazole (open circles) and TADPS-TPA (solid circles) at 35 °C as a function
of vapor activity, calculated using the modified B—H model. (C) Water vapor diffusion coefficients in Celazole (open circles) and TADPS-TPA

(solid circles) at 35 °C as a function of vapor concentration, calculated using the modified B—H mode

1'71

water vapor activity (Figure 7B) and concentration (Figure
7C), so the upward concavity of the sorption isotherm is
primarily due to swelling and plasticization of the polymer
matrix rather than penetrant clustering. This result suggests
that the water molecules are fairly uniformly dispersed
throughout the polymer matrix, which is consistent with the
lack of free water in the DSC scans. Similar increases in water
vapor diffusivity at high concentrations due to plasticization
have been observed for PET, PEF, and a series of polyarylates,
while Kapton and PAN showed decreases in diffusivity that

were attributed primarily to clustering.

31,50,56,58,72

The values

of the relaxation rate constant, k;, generally increased with
increasing concentration for both polymers (cf. the Supporting

Information).

Diffusion coefficients can be written as the product of a
mobility coefficient (L), which is a purely kinetic factor
accounting for the frictional resistance to penetrant transport,
and a thermodynamic factor (@), which is related to polymer—

. 7376
penetrant interactions.

The thermodynamic factor for

water in each PBI was calculated using dual-mode parameters
and increased to a maximum of about 2.8 for both PBIs at a
water weight fraction of ~0.05 and then decreased at higher
concentrations. The mobility factors correlated to the weight
fraction of water in each PBI, indicating the increase in
diffusivity for each PBI was mainly due to an increase in
mobility rather than thermodynamic contributions. Higher
mobility factors were observed for water vapor in TADPS-TPA
than in Celazole, which suggests the higher diffusivities of
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TADPS-TPA are due to increased mobility in the polymer
matrix rather than enhanced thermodynamic interactions with
the polymer due to the introduction of the sulfonyl group.

While TADPS-TPA has a higher glass transition temperature
than Celazole (480 °C vs 417 °C) that would typically indicate
lower chain mobility at 35 °C, TADPS-TPA has a lower sub-T,
B transition than its sulfonyl-containing, meta-linked analogue,
TADPS-IPA.® Increases in gas permeability for para-linked
polyimides relative to their meta-linked counterparts have been
hypothesized to result from enhanced rotational mobility of
para-linked phenyl groups vs more restricted meta-groups.””””®
Despite having a higher T, TADPS-TPA has higher gas
permeabilities than meta-linked Celazole and TADPS-IPA,
indicating sub-T, motions may correlate more closely with
penetrant mobilities than glass transition temperatures for
these materials.” Further details of this analysis are provided in
the Supporting Information.

3.7. Fractional Free Volume. Fractional free volume
(FFV) is the fraction of volume inside a polymer that is not
occupied by the polymer chains and is available to sorbed
penetrants for diffusion. Gas permeability in glassy polymers
depends exponentially on FFV, and a reduction in the number
of available transient gaps between polymer segments leads to
a drop in gas diffusivity (and vice versa).””*" A reduction in
FFV can often lead to increased gas selectivities due to
enhancement of the size-sieving ability of the polymer but at
the cost of flux through the membrane. To determine how the
FFV of PBIs may change in humid conditions, the expression
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for FFV can be modified to account for changes in volume
from water sorption and dilation. There are two approaches to
calculating FFV as a function of humidity: either the volume
occupied by water is excluded from the overall free volume or
it is included. The first approach has been employed in
correlating free volume changes with humidified gas
permeabilities in Matrimid, where space occupied by water
molecules is considered inaccessible for the diffusion of other
molecules.” In that case, FFV is calculated as

%,poly - %
14

W
FFV =1 ©)
The volume occupied by polymer chains (Vi) can be
determined using group contribution methods, and the volume
occupied by water (V) can be estimated from water sorption
data combined with either assumptions about the clustering of
water in the polymer or direct measurements of water-induced
dilation, if available.'¥%%%3

This first approach, however, provided unsatisfactory
correlations between FFV and water vapor diffusion
coefficients (see the Supporting Information). Diffusion

coefficients often correlate with free volume according to eq
10.79-8!1

D=A exp(—i)

FFV (10)

Equation 9 predicts a decrease in FFV at higher vapor
concentrations (cf. Figure S2), which is inconsistent with the
observed increase in diffusion coefficients.

An alternative approach to calculating FFV attempts to
reconcile this discrepancy by considering the total volume
accessible to water molecules for diffusion. Water molecules
execute diffusion jumps between transient free volume
elements as characterized by FFV. However, sorbed water
molecules occupy some volume, the fraction of which increases
with concentration. If both nonoccupied and water-occupied
free volume elements are equally accessible for water diffusion,
a “water-accessible” fractional free volume can be estimated as
a function of concentration. In fractional form, this would be
given by the following expression, which is similar to the FFV
in eq 9 without the water-occupied volume term subtracted:

VO,poly
\%4

FFV,

water-accessible —

(11)

Substitution of the appropriate expressions for Vj,, and V
into eq 11 yields the following expression:

L3771 — w,)
=1 - —
v

FFV,

water-accessible

(12)

where I.SZWDW is the occupied volume of the polymer chains
calculated using the van der Waals volumes of the polymer
functional groups (cm®/g), w,, is the weight fraction of water,
and V is the specific volume of the water/polymer mixture
(cm3/g).83 The values for 1.32?/;]3“’ were determined to be
0.693 and 0.645 cms/g for Celazole and TADPS-TPA,
respectively. The dry FFVs of Celazole and TADPS-TPA are
0.120 + 0.010 and 0.122 =+ 0.010, respectively, when w,, is
equal to zero.

Two additional parameters needed to calculate water-
accessible FFV are w,, and V, both of which were determined
from the sorption and dilation data. To evaluate water-
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accessible FFV using dual-mode parameters, the weight
fraction of water can be calculated using eq S8. The specific
volume of the water/polymer mixture is given by

AV
L+ 5

18.02C

pdry(l + 22414/)dry) (13)
where py,, is the dry density of the polymer (g/cm?). By
substituting eq 13 into eq 12 and using eqs 3 and 4 to describe
the pressure dependence of concentration and dilation,
respectively, we can evaluate water-accessible FFV as a
function of activity or concentration using the five dual-
mode sorption and dilation parameters, the dry density of the
polymer, and the van der Waals volumes of the polymer
segments from group contribution.

The resulting relationship between water-accessible FFV and
concentration is given in Figure 8. The increase in water-

V=
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Figure 8. Water-accessible FFV vs water vapor concentration for
Celazole (green line) and TADPS-TPA (red line) calculated from eq
12. Dashed lines represent extrapolations beyond the data range used
for fitting parameters.

accessible FFV is consistent with the increase in diffusion
coefficient with concentration, as water-accessible FFV
increases from 0.120 to 0.175 for Celazole and 0.122 to
0.192 for TADPS-TPA at 0.5 activity. Both Celazole and
TADPS-TPA have similar water-accessible free volumes, which
are dominated by nonoccupied volume at low concentrations
and water-occupied volume at high concentrations. If the
thermodynamic contribution to diffusion is removed, mobility
factors for water transport in both polymers correlate linearly
with inverse water-accessible FFV on a log scale, as shown in
Figure 9. Based on these results, the increase in water mobility
in PBIs is primarily due to an increase in accessible free volume
from the significant amount of water sorption. Additional
details on this analysis, including calculation of thermodynamic
factors and mobility coefficients, are provided in the
Supporting Information.

4. CONCLUSIONS

Water vapor sorption, diffusion, and dilation in two PBIs were
investigated experimentally. Thermogravimetric analysis re-
veals that while most of the water sorbed by Celazole and
sulfonyl-containing TADPS-TPA upon exposure to ambient
conditions was removed by drying at 35 °C, an additional 2—
3% of water tenaciously bound to the polymer backbone could
only be removed at higher temperatures (i.e,, 150 °C). Sorbed
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Figure 9. Water vapor diffusion coefficients and mobility factors, L,
for water vapor in Celazole and TADPS-TPA. Open symbols and
green curves are for Celazole, and solid symbols and red curves are for
TADPS-TPA. Circles and diamonds are experimental diffusivities and
mobility factors, respectively, and solid and dashed lines are
corresponding model fits for D and L, respectively, based on eqs S7
and S12. Dotted lines represent extrapolations beyond the data range
used for fitting parameters (i.e., activities >0.5).

water appears to be strongly bound to the PBI matrix, as
evidenced by the lack of water melting transitions in DSC
scans. Water vapor sorption isotherms for Celazole can be
well-described by the dual-mode sorption model up to unit
activity and for TADPS-TPA up to an activity of 0.5, with
upward concavity occurring at higher activities. Both PBIs
exhibit significant swelling upon exposure to water vapor, and
TADPS-TPA exhibits both higher water solubility and more
swelling than Celazole at higher activities. Water vapor
diffusivities of both Celazole and TADPS-TPA increased
with increasing vapor activity, which correlated to water-
accessible fractional free volumes that include both non-
occupied and water-occupied volume. The increase in
diffusivities suggests that the effect of plasticization and
swelling is more significant than penetrant clustering, which
would tend to decrease diffusivities at high water vapor activity.
TADPS-TPA has higher water vapor diffusivities than Celazole
due to more swelling and greater chain mobility.
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